The properties of co-sputtered Cu embedded amorphous SiC were studied. The effect of the microstructure features on the electrical conduction of the SiC films, with Cu volume% between 0% and 57%, was analysed by temperature dependent measurements, along with an effective-medium approximation model. The electrical conduction in Cu embedded amorphous SiC, was attributed to the tunnelling mechanism. Dielectric constants of the Cu embedded amorphous SiC composites were measured from purposely fabricated micro-capacitors using Cu embedded amorphous SiC composites as the dielectric layer, showing a decrease in dielectric constant with increasing Cu volume%. The electrical contacts between metal electrodes, i.e. Cu and Au, and Cu embedded amorphous SiC composites resulted in Schottky emission.
Introduction
Cu Nanoparticles (NPs) embedded composites have shown promise for applications in many fields of electronic devices [1, 2] , optics [3, 4] , ferromagnetism [5, 6] and catalysts [7] . Recently, Cu NPs embedded dielectric materials have also attracted significant interest for non-volatile resistive memory (RM) applications [2, 8] . It was reported that embedding metal NPs in the resistive switching dielectric layers can improve stability in e.g. SiO 2 [2] and TiO 2 [9] based RMs. This is because that well-dispersed metal NPs can enhance local electrical field within the dielectric layer which subsequently lowers operating voltages, and enhances switching stability [9] . In particular, Cu NPs embedment has shown improvement in RM switching behaviour [2] , and Cu concentration in the dielectric switching layer alters the materials properties which have a notable effect on the RM devices [10] . From a general materials point of view, it is also important to study the effect of Cu NPs embedded composite films with different Cu concentration.
We chose to study amorphous SiC and Cu (a-SiC:Cu) based composites because a-SiC has recently shown extremely promising properties as a dielectric material for RMs with excellent retention [11] , and ultrahigh OFF/ON resistance ratios [12] . Cu has been commonly used as active electrodes for a-SiC based RMs. Despite many studies on Cu NPs embedded thin films, there is no reported result on microstructure and electrical properties of a-SiC:Cu composites. Such studies, especially in below percolation regime, would be beneficial for application areas such as RMs [12] and back end of the line dielectrics [13, 14] , which both require the composites to exhibit a high resistive or dielectric state. Systematic studies of the microstructure, electrical and dielectric properties of the composites could potentially provide material insight into these applications.
In this work, a-SiC:Cu thin films were deposited at room temperature by co-sputtering of SiC and Cu targets. Conventional magnetron sputtering was chosen due to its advantages of low cost, room temperature processing, and compatibility with main stream CMOS processes [15] [16] [17] . Results suggest that Cu NPs dispersed in a-SiC have been successfully achieved by tuning target power. The microstructures, electrical, and dielectric properties of the deposited a-SiC:Cu composites with different Cu volume% were investigated.
Experimental
All a-SiC:Cu thin films in this work were deposited on Si wafers covered with a 1µm thick thermal oxide layer. Co-sputtering from SiC (99.5%) and Cu (99.99%) targets was carried out using RF and DC power supplies, respectively, in a Kurt J. Lesker sputter system. The Cu volume% in the deposited films was controlled by adjusting the value of the RF and DC power. In the context of this paper, Cu% refers to Cu volume%. For all depositions, Argon (gas flow 3sccm) was used as sputtering gas, the chamber pressure was kept at 5×10 -3 mbar, and deposition duration was 60mins. Substrates were maintained at room temperature. For each deposition, a-SiC:Cu film on an Al substrate was also produced, which was subsequently used to conduct Energy Dispersive X-ray (EDX) spectroscopy in order to extract the Cu% in the films. The use of Al substrates eliminates any possible Si EDX spectra from the SiO 2 /Si substrates and thus ensure all Si spectra can be attributed to the deposited a-SiC:Cu layers. Microstructure of the films was studied by X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM).
A cryogenic probe station with an Agilent B1500A was used to measure electrical resistance of the deposited a-SiC:Cu films as a function of temperature. A range of micro-capacitors with areas ranging from 10×10µm 2 to 100×100µm 2 were fabricated using a 40nm thick a-SiC:Cu layers sandwiched between
Cu and Au electrodes (Cu/a-SiC:Cu/Au) in order to investigate dielectric properties and conduction mechanism of a-SiC:Cu composites. Detailed fabrication processes of the sandwiched structures were described in [16] . Capacitance of the Cu/a-SiC:Cu/Au micro-capacitors were measured using a HP 4279A
CV meter at 0V DC bias. Current density-Voltage (J-V) characteristics were measured using an Agilent B1500A. 
Results and discussion
where λ is the X-ray wavelength of the Cu Kα radiation (0.1541nm), is the full width at half maximum of the peak, and θ is the diffraction angle. Cu NPs sizes of approximately 1.0nm, 1.2nm, 2.0nm, and 2.5nm were obtained for a-SiC:Cu films with 20%, 30%, 46%, and 57% Cu, respectively. The increase of the Cu NPs size with increasing Cu% indicates that higher Cu target power not only affect the Cu% but also increase the Cu NPs sizes. The increase of Cu NPs size with Cu target power aligns with reported works in relation to metal depositions using magnetron sputtering [21, 22] . Generally speaking, high target power induces sputtered species with high energy and thus high mobility on the substrate which subsequently form large particles. resistance decreases with increasing temperature, while the film with 57% Cu starts to show sign of metal-like electrical behaviour. This suggests that the metallic percolation Cu% (X c ) is approximately at 57%, which is within the percolation thresholds estimated for metal-insulator composites in general [23] .
The primary aim of this work is to investigate the electrical properties of the composite with Cu% below the percolation threshold, and Fig. 2b shows room temperature resistivity of all composite films as a function of Cu%.
Since the Cu NPs sizes (<2.5nm) in our films are much smaller than the film thickness (in the range between 120nm to 580nm), the composite films can be assumed to be three dimensional (3D) metalinsulator composites. An effective medium approximation model has recently been reported to evaluate electrical conduction mechanism in 3D metal-insulator composites [23, 24] . In particular, when metal volume% is in the regime below percolation threshold X c , the resistivity of the composite ρ as function of metal volume% X is dominated by tunnelling conduction mechanism which follows,
where α is a constant signifying ratio of tunnelling conductance over metallic conductance, Σ is a fitting parameter associated with conductivity of the effective medium and has a unit of S/cm, D is the diameter of metal NPs, and ξ is the tunnelling decay length which follows ξ=ℏ/√(2mU 0 ) where m is the electron mass and U 0 is tunnelling barrier height. ξ value is estimated to be 0.2nm by using U 0 =0.94eV for Cu/aSiC contact [16] . Using ξ=0.2nm, D=2.5nm, and X c =57% Cu in Eq. (2), an optimal fit with R 2 value of 0.94 is achieved as shown in Fig. 2b with α=1.7×10 -4 and Σ =2.5×10 5 S/cm. This confirms that, for aSiC:Cu composites, when Cu is below its percolation threshold, tunnelling plays an important role in its electrical conduction performance.
The dielectric constants of a-SiC:Cu composites were obtained by measuring capacitance of typical Cu/aSiC:Cu/Au micro-capacitors, as shown in Fig. 3 . Inset of Fig. 3 shows a cross-section SEM image of a typical Cu/a-SiC:Cu/Au micro-capacitor with the middle dielectric layer of 40nm thickness. Dielectric constant ε r was extracted as 7.5, 5.4, and 4.6, for a-SiC:Cu with 0%, 20%, and 30% Cu, respectively. In particular, ε r =7.5 for pure a-SiC aligns well with previous reported value [25] .
Page 5 J-V characteristics were measured by applying voltage to the Cu electrode while keeping Au electrode always grounded as shown in Fig. 3 inset, in order to investigate the conduction mechanism at the interface between metal electrodes and a-SiC:Cu composites. pinning effect in SiC due to the existence of defects [28] and high degree of covalency [25] , which play a dominating effect in determining the SBHs.
Conclusions
Cu NPs embedded a-SiC films with controlled Cu% were deposited by co-sputtering process. Cu NPs diameters up to approximately 2.5nm were extracted from high resolution XRD spectra. Electrical resistance vs temperature suggests that the percolation threshold is close to 57% Cu. Below the percolation threshold, tunnelling is identified as the key conduction mechanism of the composites with 
